ABSTRACT In this paper, a planar Ku-band Luneburg lens is designed, fabricated, and measured. Based on the high impedance surface, metamaterial units are designed and arranged in an array with gradient equivalent refractive index to achieve good wave focusing effects in the Ku band. The proposed 2-D lens is superior at its compact size and more feasible fabrication process when compared with the conventional 3-D lens. Both theoretical analysis and measurement results have been provided for a systematic study on this lens' performance, and good agreement between them has been achieved. Benefiting from flexible beam steering, the proposed lens has helpful applications in estimating the direction of arrival in the passive direction finding system, improving the directive radiation for an antenna, and simulating increased target's radar cross-section characteristic by adding a reflector.
I. INTRODUCTION
The Luneburg lenses [1] , similar as the Eaton lenses and Maxwell's fish-eye lenses, are inhomogeneous dielectric lenses. A Luneburg lens has spherically symmetric gradient index, therefore it is capable of focusing the plane wave incident from an arbitrary direction to a focus, as well as receiving beams from multiple directions with high gain without adopting any excess phase-shift network. The refractive index of the Luneburg lens is expressed as n = (2 − (r/R) 2 (1)
where r is the distance from the center of the lens to the observation position, and R is the outer radius of the lens. In fact, it is difficult to find a 3D Luneburg lens in nature. Instead, core-shell units consisting of air and a certain media were previously adopted to provide gradually varying refractive index. However, this method suffers from redundant design complexity and machining difficulty. At present, 3D
Luneburg lens can be realized by metamaterial design and 3D printing technique [3] - [5] . But the fabrication fails to be cost-effective. To avoid such limitations of 3D Luneburg lens, 2D Luneburg lens with low profile, light weight, and easy-tofabricate features shows great prospect and is worth further investigation. Recently the planar Luneburg lenses have been designed and fabricated to provide beam steering function by patterning technique [6] , [7] . And even Luneburg-fisheye bifunction is performed [8] . But these Luneburg lenses' configurations are not center symmetric, and the beam passes such a lens cannot be steered along any arbitrary direction are required. In addition, although the center symmetric planar Luneburg lens is also reported [9] , the lens is not composed of metamaterial unit array. Moreover, it is analyzed together with the antenna to study the radiation performance. Hence, there's still a lack of comprehensive investigation on the lens' performance.
In particular, an in-depth study on Luneburg lens' focusing effects in Ku band is completed by HIS-based metamaterial design in our work. Both theoretical analysis on EM wave transmission along the HIS unit and experimental results on the wave steering of the lens are provided. Such a lens is able to provide wave focusing property effectively along any direction relative to its center. So it is very suitable for DoA estimation application. The measurement results agree well with the expectation and verify the effectiveness of our proposed design.
II. WAVE PROPAGATION ANALYSIS OF THE HIS-BASED UINT
In this section, the operation mechanism of HIS-based units' array in performing the function of Luneburg lens is studied theoretically. As one of the popular EM band gap (EBG) structures, HIS was firstly proposed by Sievenpiper et al. [10] and has gained intensive interest by researchers in microwave frequency applications for its advantage of being processed at a low cost. However, such a mushroom-shaped EBG configuration brings difficulty in fabrication due to the metal vias. Alternatively, another EBG structure without the vias was proposed by Park et al. [11] . In this structure, periodically arranged metal pattern on the top layer and a metal ground plane at the bottom are introduced, resulting in much easier machining process and lower cost. Therefore such an EBG structure is feasible for our Luneburg lens design.
In order to guarantee the single mode propagation of TM wave, as well as effectively suppress the leaky wave, a metal plate located at a half wavelength height above the HIS is set. The relationship between the impedance and the equivalent refractive index is derived by analyzing the surface wave propagation along the HIS unit as follows. According to [10] , the electric field of the surface wave is expressed as E = E 0 e jk TM −αz , where E 0 is the amplitude of the wave, k TM is the propagation constant of the TM wave, and α is the attenuation constant. The impedance and the propagation constant can be obtained as
As observed from (2), the surface wave impedance of TM mode is a pure reactance. In the actual EM wave propagation, it is noted that besides the surface wave, the leaky wave k x also exists, which can be expressed as
Where n eq is the equivalent refractive index, and k TM t is the tangential component of k TM . And it should be a complex value if the leaky wave exists. When the metal plate is placed above the HIS, the HIS, air, and metal plate together constitute the parallel LC resonance circuit without any leaky wave (i. e., k x is pure imaginary). The corresponding resonance is presented as Here Z 0 = ηk x /k 0 , h is the height of the metal plate above the HIS. Assuming k x = −jα x , the impedance of HIS and the equivalent refractive index are obtained respectively as
From the equations, the equivalent refractive index on the lens is dependent on the surface wave impedance, which is contributed to the EM wave refraction. Therefore, the surface wave tends to concerntrate from the low impedance unit to the high impedance unit during its propagation through the lens. In this work, the Luneburg lens' configuration can be constructed using sophisticated designed metamaterial, i.e., various units with gradually varying equivalent refractive index n eq . By tuning the geometric parameters of each unit, the desired n eq and Z s value can be obtained respectively. Therefore the requirement of the beam collimate properties can be satisfied.
III. PARAMETER DESIGN AND SIMULATION RESULTS
As shown in (6) and (7), Z s and n eq can be deduced from each other. We use the Eigen-mode solver to obtain n eq instead of directly computing Z s to avoid calculation difficulty. For a given structure, the propagation constant can be determined from the phase difference φ between the incident and exit surfaces and the propagation distance a Fig. 1 shows the configuration of the HIS-based unit model in numerical simulation conducted by ANSYS HFSS. Rogers 4350 is applied as the substrate with the thickness of 0.762 mm, relatively dielectric constant of 3.66, and loss tangent of 0.004. A single HIS unit is a square patch with the length of a with a circular aperture with the radius of b etched in the center and four rectangular slots with the width of w etched at the center of each patch edge. In order to support the transmission of only TM wave, an air box with the height h of 9.4 mm (equivalent to a half of the working wavelength at 15 GHz in Ku band) above HIS is set with its upper surface assigned as ideal electrical boundary to simulate a metal plate. VOLUME 6, 2018 FIGURE 2. The surface impedance distributed along the lens' radius. According to (1), (6) and (7), the impedance at any point on the Luneburg lens is expressed as
Considering the complexity of fabrication and the overall size, the lens is divided into seven concentric ring layers in order to provide varying refractive index. As the number of layer increases, more gradual variation of the refractive indexes is obtained. But this also increases the lens' size. On the other hand, as the number of layer decreases, the variation of the refractive indexes according to the layers becomes sharper, leading to worse focusing effects by the lens. During practical simulation, we finally make a compromise. With seven layers, the variation of the refractive index is relative gradual and the whole size of the lens is sufficiently compact. In each layer, there are three sublayers of identical units, and the total radius of the HIS substrate is R = 80 mm. Fig. 2 shows the calculated impedance on the lens dependent on its position.
For consistency with the seven discrete layers with different refractive indexes, different impedance values and the specific geometric parameters of the unit within seven layers are determined according to considerable simulation results at the center frequency of Ku-band, as listed in Table 1 .
The final refractive index of the constructed array varies from 1.03 to 1.41. The configuration of the proposed planar Fig. 3 . It is excited by a plane wave with the electric field perpendicular to the lens plane. Within the frequency range of 12 to 18 GHz, sufficient calculation has been conducted. The E-field distribution results are given in Fig. 4 . In order to better observe the wave focusing effect, the E-field in the same direction as the incident wave is especially illustrated. It is found that obvious transformation of the incident plane wave radiation at Ku band into a focus on the opposite side of the lens is observed with intense red color.
Luneburg lens is demonstrated in

IV. EXPERIMENT RESULTS AND DISCUSSION
For the verification of the simulation results, a prototype of the designed Luneburg lens is fabricated and shown in Fig. 5 . The radius of the lens is 80 mm, and a ruler is taken for a comparison. During the measurement, the Luneburg lens is fixed between two metal plates with their spacing of 10 mm by several nylon stubs as indicated in Fig. 6 . Additional three studs are set nearby the lens to fix it to the bottom metal plate, which are marked in the figure. In practical measurement, it is unable to probe the E-field at several points along the equiphase surface of the focused wave. So for convenience, a series of vias surrounding the lens' edge are formed instead as the field value observation points. Assuming ϕ is the angle between the incident wave and the observation point, the vias are set every 5 • in the range of −30 • < ϕ < 30 • . At each via, a SMA connector with its pin cut to 1/4 wavelength at center frequency 15 GHz of Ku band of 12-18 GHz is fixed to work as a monopole antenna to probe corresponding E-field. Surrounding these SMA vias, another series of smaller vias are used to load the screws to fix the nearby SMA connector. A far-field horn antenna with 20.36 dB Gain at 14.95 GHz (model 140HA20+S made by Xi'an HengDa Microwave Technology Development Co.,Ltd placed at distance of 4 meters near the lens) is used as the source to provide the excitation of incident plane wave at 0 • . Fig. 7 presents the normalized E-field measurement results. Here four frequencies in the Ku-band are considered in our study as 12, 14, 16, and 18 GHz. It can be seen that the maximum E-field has been obtained especially at the via with 0 • at all these frequencies. These measured results are in consistency with the simulation results and further prove the effectiveness of our proposed 2D design, thus guaranteeing its practical application to detect the direction of incoming waves. It is noted that the measured date shows asymmetric respect to the 0 • position, especially at 16 and 18 GHz. This is because the measured E-field at higher frequencies has relative larger amplitude with respective to that at lower frequencies at some angles, and corresponding field value difference between two adjacent vias is bigger. As a result, the data at higher frequencies is more sensitive to the operating errors.
In particular, for a better understanding of this Luneburg lens' wave focusing performance, a comparison of the E-field at the observation points with and without the lens is made at 14 GHz where the measurement results show good agreement with the simulation results. The value of the E-field with the lens divided by that without the lens can be considered as this lens' wave focusing factor. And those results from both simulation and measurement is drawn in Fig. 8 . This figure shows the E-field amplification reaches as high as 11.4 dB with a 0 • incident EM wave at 14 GHz. The wave focusing factors at 12, 16, and 18 GHz are 6.5, 7, and 5.2 dB respectively, which are all over 5 dB. Therefore, Such a lens can be utilized in front of a antenna to effectively raise its gain. Our study is of high merits at practical application and good consistency in the varying trend between the simulation and measurement results. It is noted that there is some deviation between the measured and simulated data, especially at the vias further from the center. Such a phenomenon can be explained from two aspects. On the one hand, additional three studs to fix the lens as shown in Fig. 6 (a) may affect the EM wave propagation through the lens in practice. On the other hand, the data is measured continuously from the middle via to the others on both sides, and firstly with the lens and later without the lens. The process of dismounting/assembling the metal plates with stubs and screw caps during removing the lens and positioning the SMA connector at each via both result in possible position offset for the observation and cause operating error. This is acceptable. The latter reason also accounts for the non-symmetric properties of the measured date with respect to the 0 • position.
V. CONCLUSION
We proposed a compact planar Luneburg lens based on the HIS units for Ku-band wave focusing. An in-depth theoretical study has been conducted on the surface wave propagating along the HIS unit to obtain detailed surface impedance dependent on individual unit's geometry. In this way, the lens is designed carefully by arranging various units to form desired gradient index array. In addition, a prototype has been fabricated with low cost. Further validated by the measurement, our lens is able to offer good performance in focusing the EM wave at different frequencies in the Ku-band. Compared with existing planar lenses, our design has advantages of more flexible control of incident wave from any arbitrary direction. Moreover, the wave focusing performance of the lens is especially studied. As high as at least 5 dB E-field concentration by the lens can be achieved at Ku-band. 
